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On Shock Waves in Rock Created by
Surface- or Near-to-Surface Detonations

by

Leif N. Persen

1 .Introduction.
This presentation is aimed at giving a survey of the

small scale experiments performed in Norway on behalf of the West—

German Defense Ministry to start a research activity in the field

covered by the title of this report. In addition the data from the

CENSE experiments , which were obtained with much larger charges ,

are drawn upon to see if conclusions from the first set of data

could be substantiated . The small scale experiments have been re-

ported on in [i]~ the CENSE experiment is covered in [2], and the

data from the latter have been obtained directly from the record-

ings. In addition results from some earlier experiments are drawn

to attention. These have been treated separately in [3].

2.General remarks.

The general philosophy behind the small scale experi—

ments referred to above can be outlined as follows . Usually the

rock site of an installation has been tested by confined explo-

sions . In this way the properties of the rock site as a transmitt-

ing medium may be considered known, for instance in the way descri-

bed in (3 1. Consequently the creation of a shock wave and its trans-
mission through the rock may be said to be well known, provided the

magnitude of the creating charge is known, and that it is detonated

fully confined.

In the case of a she l ter of some kind , the charge

creating the shock wave is usually considered to be a surface

charge of some sort. Detonation is supposed to take place above

ground leve l , on the ground or at a certain penetation depth be-

neath the surface . The problem then arises how to make predictions

for the propagation of the created shock wave based only on the

h1. -~~~~~~~~-- 
~
-- ---- - -  
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knowledge of the fully confined case. One way of answering this

question is to perform exeriments whereby the position of the

charge above (or beneath) -the surface is changed from one detona-

tion to another , each time observing the created shock wave . This

idea was more or less the basis for the CENSE experiments , and

the result came out as diagrams of i~ie “containment factors” for

different quantities.

The small scale experiments were based on a somewhat

more sophistica ted philosophy. As shown in [3], pp. 192— 19 14 , a possi-

bility exists to draw direct conclusions for socalled “half burn ed”

cases from knowledge of the fully contained case. It was therefore

thought sufficient to relate cases with varying heights of the

detonating charge above the surface to the “half burn ed” case. In

this way the problem was split in two “stages”, each stage being

basically different from the other as the physics indicate . For

positions of the charge on or close to but beneath the surface

cratering becomes a problem. For positions of the charge above the

surface cratening does not necessarily take place . It seems realis-

tic to treat these two “stages” separately.

3.The experiment Vikersund.

A small scale experiment were performed in VIKERSUND,

Norway. Two differen t geometries were used . The first one is shown

in Fig.l . A natural precipice with a rather un—eroded surface was

located . In front of or at the vertical wall the charges were de-

tonated at A. From the top of the precipice the holes 1 — 9 were

drilled so that the pick—ups used for measuring strain or particle

acceleration as the shock wave was transmitted could be positioned

in the rock . All measuring devices were placed on the perpendicular

to the surface at A. A separate hole was drilled so that a conf ined

charge could be detonated in B. This made it possible to monitor

the shock wave as it travelled in both directions between A and B,

and thereby eventual systematical deviations could be detected .

This part of the experiment was more or less a repetition of the

experiment described in [3], pp 1 T 5 _ 1 9 ~4 .  

~~~~ . ~~
. .. 
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~~~~~~~~~~~~~ ~~77~~~~7r

¶ 7-, ~~~~~

F ig . 1.  Geometry of the “row ”—exp eriment
at VI KERSI J ND , Norway .

In the second geometry used at VTKERSUND, the tech-

nique of fixing strain gauge directly to the rock was used. A hole

was drilled normal to the surface of the rock as shown in Fig.2

Strain gauges were fixed to the rock surface at different distances

in the hole from the surface . The necessary wiring was led away in

a sloping hole to prevent it from being broken by the explosion .

The hole is then filled with concrete , and it was hoped that the

signals would give a direct measurement of the strain in the rock

during the passage of the shock wave. The shock wave was created

~/>.- ~/ ~ 
-

Fig.2. Geometry of the “hole ”—e~~ eri rne nt at VIKERSUND , Norvay .

by letting a charge be detonated as shown, whereby the distance h

and the charge magnitude W were varied from case to case. The re-

sults from these experiments will be treated separately. 

IIL&t ~ ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ —- —j-- —.— - .- 
~~~~~~~~~
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4.The “row ”-experiment , VIKERSUND.

In the “ row ”— exper iment only charges in contact  wi th

the surface of the rock at A in Fig .l were detonated . Consequently

an increasing crater was developing at A as the experiment progress-

ed. Because the magnitude W of the charge was increased gradually,

one operated almost automatically with “half burn ed” charges .

The shots were numbered consequtively, and Table I

shows how the charge magnitude was changed . The table also give

the maximum amplitude of the shock wave measured in [‘~j—strain1 at

each of the nine pickups. These details are given to illustrate

the repeatability of the measurements. As shown the repeatability

is not as good as one could wish , and each signal from each pickup

was therefore scrutinized for “inisbeaviour ” which might indicate

decreased reliability. It was found that only the shots A4,A5 ,A6,

All ,Al2 and Al4 could be used with some confidence . The fully con—

TABLE I Maximum amplitude A~ [~ —strain]

Shot 
meas ur ed at p i ckup No:

in No. [kg] 1 1  2 3 14 5 6 7 8 9

B 1 0,5 61 83 131 190 157 183 256 610 792
B 2 2.0 58 71 71 131   2114 490 875
A 3 0.5 792 238  —

A ‘4 0,5 582 155 22 21 11 9 — — —
A 5 0,5 629 190 36 34 15 12 — 22 17
A 6 2,0 1780 547 155 131 ‘45 42 21 (32) 29
A 7 2 ,0 1466 309 (27) 42 20 16 — 18 12
A 8 2,0 — 285 95 98 46 36 — 41 2’4
B 9 2,0 23 36 60 131 78 131 250 626 933
A 10 5,0 1982 1368 268 — — — — 128 63
A 11 5,0 — 893 190 238 76 58 59 85 51
A 12 15 ,0 — 2320 690 547 218 204 140 321 168
A 13 15 ,0 — 2507 1489 319 171 1148 1514 2914 139
A 14 30,0 — ‘4160 1082 786 278 296 357 51’4 27’4
A 42 30,0 — ‘40’47 1071 785 171 185 330 350 245

tam ed shot 31, 32 and B9 will be treated seoarately, as these are

giving the reference frame for the wave propagation for this par—

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ --~~~~~~~ —~~~~~ 
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ticular rock. (the norwegian “Gneis”).

The arr ival  times for  each signal at each p ickup

was used to determ ine the s ignal  veloci ty  in the rock. Because the

positions of the pickups are known, the arrival times t .  may be

[m]

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
0 200 400 600 800 1000 1200 1400

t [~.LsJ 
-

Pig.3. Arrival times t .?~ p lotted as function of 
the distance d~

plot ted as a funct ion of the distance d. of each p ickup s from the

point of detonation A , as shown in Fig. 3. The slope of the straight

line through the points will then give the signal velocity c of

the rock . Now there are two possibilities for defining this line :

either: d = d i- c t (4.1)
0 8

or: d c t  (4.2)

Linear regression gives :

either: c = 6327 [mIs] , d = 0.27 Em] (4.3)

or: c = (~O.~O [m/s] (4.4)

-- .~~~~~~~~~~~~~~~~~~~~~ . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .4
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The two cases are i l l u s t r a t e d  in Fi g . 3  by a dashed l ine and a

f u l l y  drawn l ine r e s p e c t i v e l y .  The d i f f e r e n c e  between the to

r e s u l t s  amount s  to 5Z , and the absolu te  value o f -
~ is ra ther

hi gh. Th is rathe r t r i v i a l  de t e rmina t i on  of the si gna l veloc i t y

has been g iven in de ta i l here  becaus e i t  i n d i c a t e s  the q u a l i t y

of the measuremen~~~.

The data for  the “ row ” — expe r iment  cons~~~’~ cf the

max imum ampl i tude  A .  measured at p ickup No. -L , the d l ~persi n 1 ’ .

measu red as the maximum slope of the si gnal in it firs’ ~~ I ise

at each p ickup , and the d is tance d
~ 

f rom the explos ion  t~. ~he

p ickup . In addi t ion  the ca l ib ra t ion  constant  k. of each p ickup

may be cons idered as input data .  These are now t reated as shown

in [ 3] to obtain the a t tenuat ion curves for  the maximum ampli tude

and the d ispersion . The whole procedure is given in Tables II and

III, where the determination of the shot factors 3, the corrected

values of the non—d imensional distances ~~~ . as well  as of the
-
~~, corr

cha rac t re i s t i c  lenghts a for each shot are also shown. The disper-

sion data have been made dimensionless using

C 6250 [rn/a] , p = A* (4.5)

The attenuation curves will assymptotically be ex-

pressible as

A = A*~
X 

(for the max. ampi.) (4.6)

C = ~~~~~ 
a (for the dispersion) (4.7)

The evaluation deliiers the values of A *,C*, A and A , with the
0 0  a

added information of the standard deviation m given in percent of

the measured values.

As mentioned some of the data obtained were rejected

leaving only data from 6 of the shots to be considered . To make

sure that one has not introduced any irrelevant regularity by this

selection , the shots A12 and A14 with the larger charges were also

4 

~~~
. .—- —-— ___________ - -
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neglected and the evaluation repeated as shown in the Tables IV

and V. Inspect ion of the data reveals that only data from the

p ickups N o . 2 , 3 ,4 , 5 and 6 can be rel ied upon. Those da ta  are marked

with a star (*) in the tables .

The results for the six shots as well as for the four

shots are as follows :

For the 6 shots: For the 4 shots :
(Tables II and III) (Tables IV and V)

= 4 1576 [atm] 11* = 43765 [atm]

A =  — 2 .15 234 A =  —2.16719 (4.8)
= ±17.8% m = ±18,5%

C = 20.88044 C = 22.83964
0 0

A —3.11369  A —3.14128 (4.9)
a a
m = ±24.7% m = ±23.6%

For all practical purposes these results may be considered as

i den t i ca l .

Tables IV and V show the legend used when the result is

p lo t ted  in Fi g .4

Unfortunately the data from the fully confined charges

detonated in B in Fig.l are not reliable. The reason for rejecting

data from the pickups No.7,8 and 9 in the evaluation of the sur-

face charges was, that the signals showed a behaviour which could

be interpreted as caused by ~ major crack in the rock between pick-

ups No.6 and 7. In this case the shock wave travels in the oppo—

site direction , and one would expect only data from the pickups

No. 9,8, and 7 to be relevant. The data are p lotted in Fig.5 and

it is observed that the wave from the 0.5 kg charge is damped less

than the wave from the 2.0 kg charge . Consequently the smaller

charge creates a larger maximum amplitude in the shock wave

after a certain distance than the larger one, a result which must

be rejected on physical grounds .

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -~~~~~~~~~~~~ -~~~~~~ - --- -
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Fig. 5. Data from shots Bi, B2 and B9 with the
attenuation curVes derived from the data

of Bi and B.9 sep eratel y .

Difficulties occurred with the charge in shot B2. The data

from this shot are therefore neglected . The dashed lines in Fig. 5

show the attenuation curves given by the two shots Bi and B9 seperately .

The deviation is so great that further attempts at drawing meaningful

conclusions from these data are thought futile . This means that the

previously established correlation between the effect of a half burn ed

charge as compared with a full y contained charge could not be checked .
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5. The Thole”-experiment , VIKERSUN D .

The geometry and the purpose of the “hole”—expeniment at

Vikersund has already been treated and shown in Fig.2 . Fig .6  shows

the 17 strain gauges and their positions relative to the surface of

14 1~ 5
17 16 15 13 12 1 0 9 8  7 6 4 3 2 1

— — — —  ~ f 7 ¶ 1
— 4 1 2

a425 I I I I
“36 I I

____________ 
I I

‘ -—- 55 I
—“leo I I I I

_____________________________ 
I

i 100 F
- —illS

•~ll3O I
‘—4 145

~~~M 161
‘l 175

~ -l 190

F ig. 6 Positions of the strain gauges in the “ho le ”—experiment
at VIKERSUND g iven in centimeters from the surface .

the rock . It is not iced that  the gauges 5 and 6 , 11 and 12 , and

14 and 15 are placed opposite each other at the same distance from

TA BLE V I

shot 
_ _  

P 0 0 k u P 1 2 I I 5 7 I 8 9 10 1 1 1 1  16 17 6 12

16 0,5kg — — 10 15 17 24 30 — 014 52  4 4 6  7? 109 11 0
17 60c, — — 12 IS — 16 24 10 37 35 357 59 65 125
18 — — 12  114 12 19 2 2  2 4 ~‘C 39 46 38 1 56 95 1341

12 14 13 14 17 25 30 .8 42 50 65 595 94 126 152 
—

20 140cm 3.5k g 11 12 13 18 17 27 33 — 50 63 71 711 99 146 195
21 11 — 12 14 17 23 34 30 57 58 54 666 9 U 1 1 3 7  210

22 — — — 20 22 37 37 51 — 62 60 643 86 125 15 2 
—

23 90cm 2.0kg 15 15 — 23 26 39 37 35 52 47 46 476 64 109 167
2. 17 13 — 20 20 31 37 37 47 56 56 547 67 1 18 253

25 27 27 28 32 34 51 55 51 76 90 69 762 123 187 199
26 63.501 2.0k g 28 29 — 40 32 54 53 61 80 100 87 773 134 170 162
27 2 3  26  29 35 2 9 51 5 57 74 10” 103 1035 118 220 379

28 2 5  2 7 2 5 33 33~ 49 60 55 71 7 5 7 5  71 4 913 1 :1 163
29 l2 9 c~ 5.0kg 22 22 29 32 33 1 52 5 7 51 63 59 61 607 96 103 293
30 23 20 29 27 32 04 49 47 51 51 56 464 80 79 2-3 9

31 36 31 39 46 50 72 83 76 110 ~18 112 1000 198  2 00  L b S
32 86cm 5.0kg 36 — “2 52 50 78 89 79 128 153 158 1253 225 340 731
33 34 — 35 01 45 73 73 71 77 129 128 1000 — 266 037~

34 16 — 16 21 20 30 42 37 66 67 73 867 380 153 8761
35 30cm 0.5kg 18 — 17 23 21 34 .5 24 68 59 97 857 476 177 1460j
36 13 — 16 21 21 34 “2 34 66 67 75 928 466 183 9501

37 3 2c m  2.0kg 50 43 58 1 68 — 98 11 3  11 6 213 — 310 22~~7 — 6 1 0
38 144 “2 67 61 92 3.6 11 1  056 407 230 2520 — — — 53 2~~2

39 4 3 cm 5.0kg 67 62 79 91 85 1 91 151 158 - 460 - 5~~00 - - - 103t T~.
40 O C N -  0 . 5 k g  95 97 119 140 11b  2 ?h 256 27” — 927 19 3  9 0 7
UI -8am 0. 

~~~ ~7 1 0 5 1 1 2 5  143 — - 378 - - - - — - - 1 6 1 4
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the surface . The maximum amplitudes of the shock waves measured in

[U—st ra in ]  at each s t ra in  gauge as wel l  as the spec i f ica t ions  of

each shot (distance above the surface h and charge magnitude W )

are given in TABLE VI.

I t  is observed that the instrumentation of this experi-

ment is different from the one used in the “row”—experiment . The

question of whether or not the type of instrumentation influences

the data such that conclusions drawn on the physical behaviour really

reflects instrument—induced errors becomes important. It is there-

fore imperative somehow to connect the results from this experi-

ment with that of the “row”—experiment. This occurs first through

the determination of the signal velocity of the rock . In Fig.7 are

the arrival times t of the signals at the different pickups and

the distance d t ravelled p lo t ted  against each other for the shots

16 , 18, 20 ,37 and 38. The data exhibit a comparatively large scatter,

160
Q Shot l6 V

• Shot l8
• ShOt 2O

120 v Shot 37 _ _ _ _ _ _ _  _ _ _ _ _ _ _  _ _ _ _ _ _ _

* Shot 3B

Ic~J~~ ~~~~~~~~ 

_ _ _ _ _  _ _ _ _ _  _ _ _ _ _  _ _ _ _ _ _  _ _ _ _ _

0 100 200 300

t a llO6S)

Fi g.?  . Arri va l time t of the shock wave at the p ickups re 7~o t ’d
to the distanc ~ d t ravelled,  “Hole ”—exp er iment , YIKERS~i ’t ~

h i’ :

- _ lj________________ __ -. - - - -~~~~~- -— - - ---~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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but the straight line through these points , determined by linear

regression , gives through its slope the signal velocity c
5 

as

fo l lows :

c = 6210 [m/s] , b = 5.18 [ml (5.1)

where b is the distance at which t = 0, leaving an impression of

the accuracy of the measurements. The agreement between the results

(4.3),(4.4) and (5.1) is satisfactory .

The only data in Table VI which may be compared to the

results obtained in the “row”—experiment are the ones from the

shots 40 and 41. Only in these two cases did one have the charges

in contact with the rock’s surface , The data are repeated in

Table VII which also gives the legend for the points in Fig.8 .

The straight line through the data

TABLE V I I  
______ _______ 

po ints wil l  have a slope A which
Shot Pickup d

~ A .  can be determined by linear re—

No. i gression:[cm] [U—str]

140 1 190 86
2 175 87 A = —1.9779 (5 .2)
3 161 119
14 1145 1140
5 130 156 This value should be compared wi th

the values obtained in (4.8). A

8 100 256 better idea of the agreement be—
9 91 278
10 80 — 

tween the two cases is however

11 55 927 obtained by comparing the results
0 12 55 9143 . ,

— _______ in an a t tenuat ion diagram . F ig.8
141 1 190 814

2 175 81 shows this where the fully drawn

3 161 105 line represents the attenuation
1145 1 25

5 1 30 curve determined from the data

6 1 30 1614 shown, and the dashed line repre—

sents the attenuation curve ob—

9 91 378 tam ed from the results of the

“row”—experiment with a = 0.- ~t 35 [m]

for a charge W = 0.5 [kg] and with a mean value of k = 3.1 [p—str/at.m ]
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~

50 100 200 300
d1 {cmj

F ig . 8  . Ma~rimum amp litudes A .  ( “hole ”—experi ment)
by the shots 40 and ~2.

for the calibration constant, Considering the fact that one is

in this case comparing results from experiments with two entirely

different types of pickups, the agreement must be considered very

satisfactory .

So far the experiments have dealt with situations for

which at least some sort of theoretical approach could be en—

visaged . For cases with charges detonated in the air above the

surface, no theoretical method known to the author exists by

means of which one can relate the shock wave induced in the ground

to that which the same charge would have caused when detonated

completely confined. The idea behind the experiments was to do

this experimentally.

- -  - -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ J
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The free hanging charges will induce shock waves in the

rock which will be influenced among other things by the distance h

above the surface at which the charge is detonated. This distance

may be made dimensionless by scaling it against the charge mag-

nitude W , i.e. h
~ 

= h/~i. The experiment was planned such that U

the non—dimensional distance h
~ 

was repeated for each charge inag—

nitude . One observes that this means equivalence in the way in

which distances are scaled in the rock as well as above its sur-

face.

Before examining the experimental data one may contemp-

late what kind of relationshi p one may anticipate . If one uses

the attenuation curve for the maximum amplitude of the shock wave

in the case of fully contained explosions as a guide , one will

expect an attenuation curve as shown in Fig.9 , where the maxi—

Attenua tion curve

A

d
Fig.9 . Attenuation curve for the maximum anp l~~ u -~( - 4

mum amplitude A is p l o t t e d  as a function of the distance d travel— 

- - - -~~~~ U- - - - - - - — - - - -  ~~ -— —  - - --  - - -- -- - - U-~~~~~
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led by the shock wave. The diagram is in doubly l oga r i thmic  scale

and consequently the curve ought to exhibit an assymptotic be-

haviour as a strai ght line as shown by the dashed line .

One may be more specific at this point. One cannot off-

hand know how the attenuation curve is influenced by the rock

type , the type of explosive used , the dimensionless duration T of
the input pulse and/ or the elevat ion h above the su r f ace .  One can

however assume as a working hypo thes i s  tha t

a) the d istances may be scaled wi th  ~~~~~
‘
,

b) the d imensionless durat ion T is the same in a l l
cases-1 because among other t~ ings the same explo-
sive is used ,

c) the data, which here consists of measured maximum
amplitudes of the shock wave, will depend only on
one parameter , say h

~
.

Such a hypothesis corresponds to the expected behaviour of the

attenuation curve for a contained explosion .

Th is hypothes is is now examined in the two Tables VIII
and IX. First Table VIII is arranged in such a way that the three

cases of constant h
~ 

appear separately. One then computes the

ratios between the measured maximum amplitudes at each pickup .

[A05 , A 2 0  and A 50  are the maximum amplitudes measured with

W =0.5[kgJ , W = 2.0[kg] and W = 5.0[kg] respective ly.] It is

observed that the ratios remain fairly constan t for larger distan-

ces. The average value of the ratios neglecting those closest

to the charge and appearing in paranthesis  0 in the table is

given.

Seco ndly Table IX is arranged such that  the three cases

of different charge magnitudes appear separately . Again the ratios

are computed and again the average values of the ratios are given

for the pickups farthest away from the surface . This exercise

indicates that the data should be subjected to a scaling procedure

which is exhibited in Fig.IO . On the transparent page 1 the

data from the 0.5 kg-’charges at different distances 12 are gathered.

The scal ing occurs ver t i ca l ly  and is p ropor t iona l  to 1/
~~

. On

page 2 the same has been done for the 2,0 k g—charges , but he re a
horizontal scaling occurs in accordance with point a) above . On

-- - - -  --- ~~~~---. --- ~~~~~----U - -— -—-— - - - - - - — — -- - -  —~~~~--- -.-- - -~~~~~ -— -—-
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TABLE V I I I

A ,, A 2, A ,, A ,,/A ,, A ,,/A ,, Remar kn 
- :

W 0.5kg 2.0k g 5.0k g 
—

~~~~~~~~ 
_______ __________________________ 

~~~~ -

h/~ 60cr,, 90cm 12,cm

— 16 — 23.33 (A IA ) 0.6319±0.0531

2 — 10.— 23.— 
0.5 0.2 At’.

3 11.33 — 26.67 .4208 ( A /A ) 0.14471±0.027
14 114 .67 21. — 30.67 .6986 .4783 

0.5 5 .0 A t’.

5 14.50 22.67 32.67 .6396 .141838
6 —

7 19.67 35.67 48.33 .5514 .0070
8 25.33 37.— 55.33 .6846 .4578
9 24.— 01. — 51. — .585o .0706

10 140.33 09.50 61.67 (.8107) (.6540)
11 54.— 55.— 61.67 (.9818) (.8756)
12
13 45.57 54.— 60 .— (.8439) (.7 1 20 )
14 394.67 555.33 595. — (.7107) (.6633) 

— I
15 62.— 72.33 90.67 (.8572) (.6838) h, — 13.60 1 ‘
16 96.— 117.33 104 .33 (.8182) (.9202) . .  -~
17 1214 .33 186.33 251.67 (.6673) (.4940)

h/i 40cm 63 .5cm 86c m F

1 11.33 26.— 35.33 .4358 .3207 (A /A ) 0.4752±0.036
2 13. — 27.33 31. — .4757 .4194 ~~ 2.0 At ’,
3 12.67 27.50 38.67 .4607 .3276 (A IA ) 0.3558±0.035
44 15.33 35.67 46.33 .14298 .3309 0.5 “ A t’.
5 17. — 31 .67 148.33 .5368 .3517
6
7 25.— 52. — 74.33 .4808 .3363
8 32.33 63.— 83.33 .5 132 .3880
9 28.— 59.67 75.33 .4692 .3717

10 49.67 76.67 106.33 (.639 1) (.4671)
11 57.— 98.67 132.33 (.5771) (.4307)
12
13 63.33 93.— 136. — (.6810) (.14657)
14 6714.— 856.67 1083.33 (.7868) (.6222) __________

15 95.67 125. — 211.50 (.7654) (.‘o 523) = 9 09 1
16 137.— 193.67 265.33 (.7074) (.5163) * ‘

17 186.57 2146.67 546.67 (.7527) (.3396)

h/i 20 c m 32c m 14 3a m

1 15 .67 47.— 67.— .333 4 .2339 (A IA ) C O.3389±0.035~
2 — 45.— 62.— 0. 8 2 .0 ~4v.
3 1 6 . 3 3  55.50 79.— .29142 .2067 (A /A ) = .2335±0.0205 .
4 21:67 67.50 91.— .3210 .238 1 0 .5 ~.° Av.
5 20.67 61. — 95. — .3389 .2 176
6 63. — 103. —
7 32.67 95. — 131. — .31839 .249 4
8 43.— 105.5 161. — . 14 076 .267 1
9 35.— 113 .5 158. — .3084 .2215

10 66.67 334.5 — (.1993)
11 64.33 407.— 460.— (.1681 ) (.1398)
12 280.— 360.—
13 78.33 272.— — (.2880) 

_________

~ ~~ 
2418.50 5600: .3641 (.1573)

16 171. — 610. — — (.2803)
17 1098.67 — —

page 3 the same procedure is repeated for the data from the 5.0 kg—

charges. Because the pages are transparent the figure reveals how

nicely the data seem to follow the scaling laws outlined above .

One should at this point add the following remarks:

The ratios computed may to some extent be independent of eventua l

U 
~~~~~~~~~~~ - -— ~~~~~~~~ - -~~~~~~ -—--— -~~~~~~~~ -- -~~~~~~~~ -- . - - --- - - -~~~~~~~~~~~~~~~~~~~~~ -U-. - - - --
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TABLE IX

W i d, A .  A 2~ A ,~ A ,~~/A 5, A 5 ./A , . Remarka

0.5 1 193 — 11.33 15.67 A 1,./A 2 .=0.85540 0.066
2 175 — 13. — — 

U

3 161 11.33 12.67 16 .33 .8942 .6938 A 1 ./4 ,.=0 .6511±0.052
4 it~5 14.67 15.33 21.67 .9569 .6770
5 130 14 .50 17. — 20.67 .8529 .7015
6 1 30
7 11 5 19.67 25. 32.67 .7868 .6021 ~ = £0crr~
9 100 25.33 32.33 43. — .7835 .5 891 

—
9 91 24.— 28.— 35. — .8571 .6857 h — 4Ocm

10 
~~ 

40.33 49.67 66.67 (.8120) (.6049) h = 20cm
11 55 54.— 57.— 614.33 ( . 9 4 7 1 4 )  (.8394)
12 

~~13 ~~ 45.57 63.33 78.33 (.7196) (.5818)
14 36 3~~~.67 5714.— 880.67 (.5856) (.4481)
15 36 62.— 95.67 440.33 (.6481) (.1408)
16 25 96.— 137. — 171. — (.7007) (.5614)
17 12 124.33 185.67 1098.67 (.6696) (.1132)

2.0 1 190 16.- 26.- 47.- .6154 .3404 A ./A , . 0.6275±0 .07 2
2 1 75 114 .— 27.33 45.— .5 123 .3111 

4 5 .  1-
kg 

~ 161 — 27.50 55.50 — A 1 ./A ,.=0 .3460±0.027
4 145 21. — 35.67 67.50 .5887 .3111 ~
5 130 22.67 31.67 61. — .7158 .3716
6 130 63.— —

7 1 15 35.67 52.— ~~~~ .6860 .3755 h = 90cm
8 100 37.— 63. — 105.50 .5873 .3507 ‘ 

—
9 91 41.— 59.67 113.50 .6871 .3612 — 6 . cm

10 80 49.50 76.67 334.59 (.6456) (.1480) h 32cm
11 55 55.— 98.67 407.— (.557 4) (.1 351)
12 55 280.— —

13 45 54.— 93. — 272. — (.5806) (.1985)
1~4 35 555.33 856.67 2418.50 (.6482) (.2296)
15 36 72.33 125. — — (.5785)
16 25 117.33 193.67 610. — (.6058) (.1923)
17 12 186.33 246.67 — (.7554)

5.0 1 190 
- 

23.33 35.33 67.- .6603 .31482 A 0 ./~4 7 . 0.6776±0 .029
2 175 23. — 31. — 62.— .7419 .3710 - A ‘A —0 46 0 16
3 16 1 26.67 38.67 79.— .6897 .3376 Si’ 3j —

14 1145 30.67 46.33 91. — .6620 .3370
5 130 32.67 48.33 95.— .6760 .3439
6 130 103.—
7 ~15 48.33 74.33 131. — .6502 .3689 h 4 = 129cm
8 1 00 5S~~33 83.33 161. — .66 40 ~~~~~~~ h — 869 91 51 . — 75.33 158. — .6770 .3228 2 

— cr’s

10 80 61.67 106.33 — (.5800) — h 3 = 43cm
11 55 61.67 132.33 460.— (.4660) (.13141)
12 55 360.—
13 45 64.— 136. — — (.4706)
1 4 35 595. — 1083.33 5600.— (.5492) (.1063)
15 36 90.67 21 1.50 (.18287)
16 25 104.33 265.33 (.3932)
17 12 251.67 546.67 (.4604)

systematic errors in the data. An examp le is the data from pick—

up no. 14 which evident ly are erroneous . S t i l l  the r a t i o  computed
from them is not un rea l i s t i c .  This means further that even though

the data give ratios with fair degree of accuracy (<10%) they

may still exhibit a rather large scatter . Fig.IO shows how this

is the case for data obtained close to the surface.
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It must be rema rked that the data for the case of

= 0. . kg and h = ~
‘
~~~‘ cm do not seem to f i t  in with  the proposed

scaling procedure . It is therefore  p lo t ted  in with  i t s  base l ine
dashed.

F ina l l y i t  should be remarked tha t  the exercise so f a r

has only given a scal ing procedure for  cases of f ree  hang ing charges.
If i t  is extended to the case of the charge in contact with the
surface , ( h ,~, = 1 ), one would have been able to connect the pre-
sent r esu l t  to the case of half burn ed charges and thus,thr ough
the resul ts  of [3],  a lso to the case of a confined cha rge . In
Fi g . l O the data from shots 40 and 41 are p lot ted on page 4 :ealizing

that these data may be regarded as a case for  which h,,, = 1,where —

U 
as the other cases give values of this parameter as shown in

Table VIII . The fact that these data fit in so nicely with the

res t may be taken as a very strong indica tion tha t the scaling
procedure ou t lined here may be acceptable.

6. Conclusions from the VIKERSUND experiments.

It is not easy to draw general conclusions from experi—

ments within a limited range . Keeping this in mind one is however

encouraged by the apparent cons i s tency  in the da ta and an attemp t
may be made to generalize the results as follows :

When comparing two cases I and II where the charge s

W and W are being de tona ted in the same dis tan ceI II
i....) h,~, above the sur face  of the rock , one will find that

the same maximum amp li tude in the shock wave is created

at dis tances d1 and d
11 

respectively, whereby

3I~
-

d1 = d11’~I~~— ( 6 . 1 )

(Maximum ampli tude measured in [~ —~ trainI)

This is to be considered the first part of a “sca l i n g  law ” or a
“model law”. The non—dimensional dis tance 1:

~ 
used here is def ined

- 
- ~~~~

___ ___._i~
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as

= h/R , R = ( 6 . 2 )

where h is the elevation above the surface where the detonation

takes place , and R is the radius of the equivalent  sperical  charge

with p as the density of the explosive..

The second part of the “scaling law” may be formulated

as fol lows :

When comparing two cases I and II where the same charge

O w is detonated at the non—dimensional elevations h
~ 1~ 

and
2 7

~*~~~ 
respectively , one will find that in the same non—

dimensional d is tance  from the surface the shock wave

will exhibit maximum amplitudes S~ and S11 respective ly

which wi l l  be related to each other through

- _____

2 
*.0

If this resul t can be substant ia ted and confirmed by fur ther

experimental evidence , one has succeeded in relating at least one

important  case of air blast induced shock waves in rock to the

case of a confined exp losion. For cases where crater building

is a major factor in the process , reference is being made to
the handling of this problem in [3] .

- U - . - U -  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_



- ~~~~~~~~~~~~~ - —~~~~——_~~~~~~~ __ ~~~~~ - - -

— 23 —

7. The CENSE experiments.

In connection with the VIKERSUND experiments ,

which were conducted on a small scale , i t  may be of in teres t  to

examine the results of the CENSE experiments . These were conducted

with  charges which were orders of magnitude g rea te r .  The r e su l t s

from these experiments are discussed in [2] and the lay—out of

the experiments is shown in Fig.ll . The numbers indicate  the 7

1000-LB LIQUID NITROMETHAIE EXPtOSIVE

~~

6 IEAR-~j~~~E I MSl *iM~~u
ARRAY

+

SNIOSTONE 
+ 7 Rc

4. 4II-0-I0t I~DI1I 4111

W~ TICAL INSTRJM~~IT .~ 
~‘

NOTE P LNBEU.~~ RE~~R TO
EVENT DESIGNATION

F~~2. I l l . The exper-o ~’menta l lay—out of the CENSE cxpor i r n : n t s .

differen t events , where for each event the position of the deton-

ating charge is changed. In this way one covers the whole range of

posi tions above , on , near to and below the surface . For each event
recordings of the induced shock wave in the rock were made 

~~~~~~~~~~~~~
_ _ . _ _  _ _ _ _ _ _
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on a vertical ray through the center of the charge as indicated

through the vertical instrument array. In case 7 also a horizon-

tal instrument array was in operation. Other measurements were

also made , bu t these are so fa r  of marginal interest in the pre—

Sent context .

It should be mentioned tha t  the results of

these experiments , as they appear in [2 ] ,  are given in terms of

coup ling factors . As an examp le: the ground shock fac tor F
~ 

is

defined as

F = 
peak horz aontal particle ve locitli (7 1)

~
‘ peak radial ve locity for ~~ll containment (DoB = 7R)

It is stressed that the ground shock factor is determi.~e ’ from

measurements along the near  surface  instrument radial , and that

da ta from the measuremen ts direc t ly beneath the exp losive are

not included in the analysis. This is in contrast to the present

examina tion , where only the data from the vertical instrument

array will be used. (In event 7 also the horizontal array will

be considered.)

8. Peak velocity data from the CENSE I experiment.

The data from CENSE I are presented in the

form of recorded particle velocity as function of time as

examplified in Fig.12 . The peak particle velocity is rather

Fig. 12. Recorded partio7 - 2~~~~~~~-ft ~j at a dietanec of 20 f’-~ - t
in Event 3. 

-U -. -- -U - - - - _ __  -- - - U- - - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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easi ly  picked out from such recordings , and th i s  quan t i ty  is

used to characterize the shock waves as done also in the first

repor t [2] .  These data are listec1 in Table X as the maximum

ampli tude A~ measured at p ickup no. i in a d is tance d. from the

exp losion.

One may start examining
I I~~~T

\ these da ta by looking a t the f u l l y

\ con tained case , event 7. This is

2 to be a reference case and it is
10—

\ imperative tha t  th i s  case is we l l

\ established. If the data are plot—

\ \ - 
ted as done in Fi g .l 2  , i t  become s

\ \ however apparent that the attenua— 
U

\ \ tion of the maximum amp li tude of

\ \ the shock wave is much grea ter in
\ .

the vertical than in the horizon— U

\ . . .
tal direction . This may indicate

\ \ tha t the rock (sands tone) exhibi ts

— \ — 
d i f f e r e n t  proper t ies  as a wave—

\ \ transmitting medium in the two di—

\ \ rections , i.e. the sandstone is

\ \ - 
“layered” . Or it may reflect the

\ \ - fact that one or more of the pick—
A \ .

\ £ \ ups used exhibit systematic errors .

\ \ Because repeated experiments were

no t under taken , and no other infor—

\ mation is available , the question
£

of which of the two possibilities

1 0 — ~~ is really the case must remain un—
• £
- J resolved.

I I 
Both data from the horizon—

DISTANCE d1 [FT] tal and from the vertical array in

event 7 record what may be assumed
Ri--;. 12-. Data from event 7. .

to be a sherical wave . The idea be—

hind the handling of the data from 

- - —- U- U- —  
- - --_----~~~~~-——---—---— --U--U- -- -~~~~~~~~~ 
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TABLE X 
_________

Even t Pickup 
~~ 

4_,• 
- 

Remarks

No. j [ f t ]  [f t/ s e e ]  ~
‘
u 

_____ _________

3 ~-o -~ - .019 .359 Vertical
5 50 .o19 .~~~~ .2 t5

0 5 L .141 . 70 .352 
array

2 20 1 . ’L7 .015 .- Y78
2 3i~ . 514  . .  S . 1 C I

3 ( . -i~~~~) ( .  18) (.335) 
Vertical

-
~ 50 .1~~: . 17 .205 array

• 5 6~ .1 12 .6 .268

3 1 20 9.32 .- ‘-8 s .1412
2 3 -  ~~. 1F3 —~ .05 1 .6214
3 ~~~~~~ .035 .6~~ 14 Ve r t i ca l
14 5u  . .019 .232 array

0 5 6~ .156 .0814 .373
4 1 2~ ~~.85 .110 .568

2 3L- 6. F .192

3 ~~~~~ . ~5 .148 V e r t i c a l

5 50 .So . ~~~ 
U~~~9 array

• 5 6 .2(u . lJ ’ • 4~~~~

5 1 20 22.1•~ . 195 1.0
2 3u 5.10 .081 1 .0
3 14 — ~

-) 1.29 . ~~ 1 .0 Ver tical

14 50 .828 .:~53 1.0
0 5 60 .4 -18 .22q 1 

array

6 1 20 131. — 1 .122
2 30 15.5 .240
3 110 2.2 3 . Q2 Vertical

11 50 2.1452 .2145 array

• 5 60 .722 .388

7 1 20 116.75 1.0
2 30 63.05 1 .0
3 140 214.014 1.0 

Ver tical

14 50 10.— 1 .0  array
5 60 1.863 1 .0

6 20 31.78
7 36 14.726
8 148 3.688 Horizontal

9 65 2.955 array
10 85 i . 1-~i~
1 1 100 .891

£ 
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the charges placed on or near to the surface is to assume that

the situation on the vertical through the charge can be compared

wi th  the confined case. Now , the confined case appears to give

ambiguous informations , and the reference case thus becomes un-

certain.

In [2] the ground shock factor  F is defined

in accordance wi th (7.1)  where the data from the horizontal ar-

ray are used for the reference case. If a straight line is fit-

ted through the data points (~ ) from the horizontal array in

Fig.l2 , an approximation to the attenuation curve is obtained

wh ich may be expressed as

A = 10752 d. 2 03053 [f t/ see ] (8.1)

where A is the peak particle velocity of the shock wave . The

mean devi at ion of the data points from this line is ±35.7%.

The slope A of the attenuation curve determined

from the data of the horizontal array above is equal to the ex-

ponent —2.03053 in the expression (8.1). The corresponding slope

determined from the data of the vertical array (
~~~
) in Fig.12

is much greater .  Even if the point originating from pickup no.5

is neglected as a stray point , the value of the slope would

be

A = —2.6 68 17 (8 .2)

and the mean deviation of the points from the straight line

shown in Fig.12 would be ±32.6%. The difference in magnitude

of the slopes as well as the vertical position of the straight

lines representing the attenuation curves in Fig.12 is clearly

brought out by the plot. One has however a possibility to check

this result by drawing Fig.3 of the report [21 to attention .

This figure is reproduced in Fig.13 with the ori ginal figure

caption . It is seen that the different cases give lines of ap-

proximately the same slope A ~ —1. 55 . This indicates that the

present investi gation ~may be based on data which d i f f e r  from
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those used in reference [2]. It should however be noted , that the

magnitude of the slope in Fi g .13 corr esponds we l l  to the slope
A = —1.65 suggested by Fred ~

-.. Saue r in Nuclear Geoplosics [5] for

the socalled composite attenuation curve , and that the slope s

obtained from the present data in (8.1) and (8.2) seem unusually

high by comparison .

In spite of the discrepancy which seem to have

been discovered , it may well be that the data give adequa te re-

sul ts for the ground shock factor F as defined in (7.1). This

fac tor is therefore  compu ted f or each sho t and each dis tan ce in
Table X. Also the factor F* with the data from event 5 as refer—

U

ence has been ca lcula ted in the same table . Both cases reveal
that no obvious trend can be found in these results.
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TABLE XI

Event 7 d. A .  8.

j  [ft] [ft/see] 
_______ 

[f ~ /~ie -~ J -

1 3 14 -~ .563 1 .dOl 0 .8-.~
14 50 .219 .4

0 5 60 .1117 - F  -
-

2 1 20 1 .767 2.o0(115 - .

2 30 .5’~ 
-
.

3 110 (.1132)
11 50 .11

• 5 6o .112

3 1 20 9.32 1.5~ i~ - 5 .27
2 30 ~~. 185 -4 .-~Th
3 110 . 54 4
14 50 .192 .294

o ~ 6o . 1 56 ~~~~~~~~

11 1 20 12.85 .95670 12.2-9
2 30 ~~~~ 5.8 1
3 110 .836 .8oo
14 50 .62:- .593

• 5 60 .2~ 0 .191

5 1 20 22.611 .5880 1 13.313
2 30 5.10 2.999
3 140 1.29 .759
14 .828 . 1187

o 5 60 . 1418 .2116 - 
-

6 1 20 131.00 .28552 37.140

2 30 15.50 14.1125
3 14~ 2.20 3 .629
14 50 2 . 1452 .70u

• 5 60 .722 
-_______ 

.206

In sp ite of this  rather discourag ing resu l t , one may

attemp t to establish the ground shock factors by introduction of the

“shot factors” as shown in [3] and then determine these by means

of the method of the least squares. The result is shown in Table XI

where the data from Event 7 have been disregarded entirely. The result

ought to be such that the data (d
~ 

, when exhibi ted in an

attenuation diagram , would gather around a straight line with the

slope A. In the present case the calculation is based on the data

from the pickup s 3 ,4 and 5 only, and the result is shown in Fig.14

The slope A of the s t ra ight  line and the me an devia t ion “~ of the

points from this line will be

L - - 
_ _ _ _ _ _ _ _ _ _ _
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Fig. 14 . Corrected data 8 .A. p lotted as function of
the distance d..0 ~The straight line repro—
sents the atte~uation curve for part icleve loci ty .

A = —3.217 9 2  m = ±57.0% (8 .3)

It should be noted that the scatter indicated by m only reflects

the deviation of the data from the p ickups 3 , 4 and 5. Fig.14

reveals a much greater scatter as far as the data from pickups

no. I and 2 are concerned.
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Event B. 8 .-s .
• [ f t/ s e e ] [ ft / s ee ]  [ft/see] [ft]

1 3 . -iO - .559 1 .08912 .855 11o
4 .219 .258 .419 50

0 5 .1147 .125 .211 6o

2 1 1 .~~67 i.Coo 20
2 .5114 *

3 .1132 .8oo
4 .llu .233 50

____ 

5 .112 — 6o

3 1 9.32 — 1 .115665 — 25-
2 3. 1814 — — 30
3 .8511 .85 1 1.214 5:
11 .192 .200 .29 1 5-

0 5 .156 .1112 .207 6o

11 1 12 .85 — .82302 25
2 6.0 77 — 35
3 .836 .867 .7114 40
11 .620 .729 .6- - 50

• 5 .200 .212 .1~ 5 6u
5 1 22.614 26.25 .119382 12.96 20

2 5.10 5.91t 2.93
3 1.291t 1.399 .69 1 -4- - .

11 .828 .866 .1128 50
0 5 .1118 .512 .253 60

6 131.00 1311.36 22
2 15.50 — 30
3 2.203 *

11 2. 1152 * 53
• 5 .722 .72 1 00

7 1 ( 1 1 0 .7 5 )  - 20
2 04 .55 69.80 30
3 (211. 11) *
11 ( io .oo )  * 50
5 1 .863 1 .33

£ 6 31.78 — 20
7 14.726 11 .31 36
8 3.688 * 48
9 2.955 * (5

10 1.1411 * 85
11 .891 * 

-_______ ________ 

100

L 
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DISTANCE d , [Fr]

Fig.15 . Corrected data 8.B~ p lotted as fun ~
‘oo of

the distance a. ‘? The otraight ~inL r -pro —
cents the a~ 

t;:~1u7~-ion curve for particle
vo locity.

It must be mentioned that the data can be obtained

f r om a second set of curves , which is given with the first one .

This set is not as complete as the first one , the peak particle

ve loc i t i e s  obtained from i t  are denoted by /- . , and they are
given in Table XII , whe re for  comparison the da t a  A .  are r epea ted .

Missing in format ion  is denoted by a s ta r  (*) in the t a b l e , and

illegible signals wi th a bar ( — ) .

The same procedure as before leads to the “shot fac-

tors” 8. in Table XII and the attenuation curve is shown in Fig.l~ .

L
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The slope A of the strai gh t line and the mean devia tion m of the

data points from this line are

A = —3.43792 m = 26.7% (8.4)

The scat te r is about the same as in the case of the f i r s t  data ,

the slope A is also about the same , but  in both cases are the

values (8.3) and (8.4)  much greater than what was obtained in (8.2)

and (8 . 1) .  All eases give greater values for A than what is exh i-

bi ted in Fi g.13 .

TABLE XI II

The ground shock factor F
U

Event From [2] From XI From [2) From XII From [2] From XI

1 .100 .156 .127 .292 .1112 .322
2 .2147 .128 .315 .351
3 .398 .186 .507 .339 .566 .3814
11 .566 .298 .122 .60-s .805 .615

5 . 7 3  .1486 .896 1.000 1.455 1.000
6 .185 1.000 1 .030

1 .000

Finally the ground shock factor F is found from Fig.13

and g iven in Table XIII  wi th  Event 7 as bas is .  If Event 6 is used
as bas i s , the factors will change as shown and compared with the

fac to rs which can be computed from the 8~ — values of Table X I .  Wi th

Event  5 as bas i s , it is possible to compare the factors from [2]
with those computed from the 8~ —v alue s of both Table X I and X I I .
Even though the latter two agree reasonab ly well , it must be con—
cluded that the data upon which the present investigation is based

do not give resul ts which conform with those reported earlier [2]

from the same experiment.

9. Final remarks

The CENSE exper iment  d i s t i n g u i s h e s  i t s e l f  f rom the 
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VIKERSUN D experiment in the bas ic  ph i losoph y upon which it is

p lanned. The CENSE experiment considers cases where the detonating

charge may be p laced al all possible levels above as w e l l  as below

the ground surface. It is assumed that the shock waves created in

these cases can be related to each other and/or to the fully con-

tained case by a ground shock factor.

The VIKERS UN D exper iment  is based on the phi losophy

that a physically important difference exists between cases in

wh i ch the shock wave is created in connect ion w i t h  a c ra te r  fo rma t ion

and cases where th i s  is not  the case.  The VIKERSUND experiment

thus concentrates  e n t i r e l y  on cases where the charge is detona-

ted above the surface or in contact with it. The case of the socalled
U 

half—burn ed charge is conside red separately in [3], and in spite

of the inadequate experimenta support , it is believed that a way

is suggested whereby the properties of the rock both as a wave—

t r a n s m i t t i n g  medium and i t s  a b i l i t y  to withstand cratering is taken

into account .

Because of this  s i t ua t ion , the two experiments con-

s idered in this  report do not cover the same p hys ica l  s i t u a t i o n s .

I t  could beforehand be expec ted , that they might in some way com-

p limen t each other , but the discrepancies discovered prevent that.
The f i n a l  r e su l t  as f a r  as the VIKERSUND exper iment

is concerned is thus contained in the two statements and

equations (6.1) and (6.3). It should be emphasized , that further

experimentation seems necessary to furnish an adequate experimen-

tal support for these results.

10. Acknowledgements.

The presen t investigation has been sponsored by the

Air Force Cambridge Research Laboratories (AFSC), Uni ted States Air

Force , under contract No.: F4462O—75—C—0029. The United States Govern-

ment is authorized to reproduce and distribute reprints for govern-

mental purposes notwithstanding any copyri ght hereon .

The experiments referred to in Norway were carried out

by A/S NORCONSULT , Oslo , and sponsored by the Bundesminister ium der

Ver teidigung, Wes t Germany .

U U- - -  - U-UU ~~~~U - - U- -~~~~~~~~ - -U- ----U- --~~~~~ - -  —~~~~~~~- -— U--U —- —~~~~



- - - --U . - U - - -  --- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -U-— -

— 35 —

R E F E R E N C E S

[ 1]  Leif  N. Pensen , “Uber die bei Oberf l~ chendetonationen erzeug—
ten Stosswellen im Felsen ” , Repor t f rom

NORCONSULT A/S , Osl o,Norway , Nov .1975

[2] James K. Ingram ,”Influence of Burst Posi tion on Airblast ,
James L. Drake, . .Gro und Shock , and Cnatening in SandstoneLeo F. Ingram

Final Report May 1975 , Weapons Effects Labo-

ra tory,  U.S.Army Engineer Waterways Station ,

Vicksburg, Miss. Misc. Paper N—75—3 .

[3] Leif N. Persen, “Rock Dynamics and Geophysical  Expl ora tion”,
U Elsevien Scientific Publishing Co., New York ,

1975 .

[11] Fred M. Sauer , Nuclear Geop losics , Par t IV , “Emp ir i cal
Anal ysis of Ground Motion and Cnatering”, 

U

DASA—1285 (IV),May 1964 , pp. 29 — 64.

L _ _ _ _ _  ~~~~~~~ _ _ _ _ _ _ _ _ _ _ _ _


